Nocardia seriolae, is a Gram-positive, partially acid-fast, aerobic, and filamentous bacterium. This 19 bacterium is the main pathogen of fish nocardiosis. A bioinformatic analysis based on the genomic 20 sequence of the N. seriolae strain ZJ0503 showed that ORF3141 encoded a secreted protein with a 21 signal peptide at the N-terminate which may target the mitochondria in the host cell. However, the 22 functions of this protein and its homologs remain unknown. In this study, we experimentally tested 23 the bioinformatic prediction on this protein. Mass spectrometry analysis of the extracellular products 24 from N. seriolae showed that ORF3141 was a secreted protein. Subcellular localization of the 25 ORF3141-GFP fusion protein revealed that the green fluorescence protein co-localized with the 26 mitochondria, while ORF3141△sig-GFP (with the signal peptide deleted) fusion protein was evenly 2 / 23 27 distributed in the whole cell of fathead minnow (FHM) cells. Thus, the N-terminate signal peptide 28 had a significant impact on mitochondrial targeting. Notably, the expression of ORF3141 protein 29 changed the distribution of mitochondria from perinuclear halo into lumps in the transfected FHM 30 cells. In addition, apoptotic features were found in the transfected FHM cells by overexpression of 31 ORF3141 and ORF3141Δsig proteins, respectively. Quantitative assays of mitochondrial membrane 32 potential value, caspase-3 activity and apoptosis-related gene mRNA expression suggested that cell 33 apoptosis was induced in the transfected FHM cells. In conclusion, the ORF3141 was a secreted 34 protein of N. seriolae that targeted host cell mitochondria and induced apoptosis in FHM cells. This 35 protein may participate in the cell apoptosis regulation and plays an important role in the 36 pathogenesis of N. seriolae. 37 Author summary 40 Nocardia seriolae is the causative pathogen responsible for fish nocardiosis. This facultative 41 intercellular bacterium, adapts to survive and colonize by evading intracellular killing after being 42 engulfed with macrophages in the host. Despite considerable economic losses caused by N. 43 seriolae in fish infection, the pathogenic mechanism and specific virulence factor of this bacterium 44 remain ambiguous. In this study, the characteristic of ORF3141 protein function was investigated 45 by subcellular localization and its possible contributions on the ability of N. seriolae to induce 46 apoptosis in transfected fathead minnow (FHM) cells was investigated. Here, we confirmed that 47 ORF3141 was a secreted protein that targeted host cell mitochondria and induced cell apoptosis in 48 FHM cells. Interestingly, after deleting the signal peptide, ORF3141△sig protein was evenly 49 distributed in the whole host cell and did not co-localize with the mitochondria which could also 50 induce cell apoptosis. Thus, the N-terminate signal peptide played an important role in 51 mitochondrial targeting, and the domain part without the signal peptide had a critical relationship 52 with cell apoptosis. These results demonstrated that ORF3141 mays act as a potential virulence 53 factor that induces apoptosis in fish cells. This protein is significant to elucidate the pathogenic 3 / 23 54 mechanism of N. seriolae and this study mays provide beneficial insight to prevent and treat fish 55 nocardiosis. 56 101 virulence factor of N. seriolae strain ZJ0503. In this study, the function of ORF3141 was explored 102 and whether this protein was the bacterial virulence factor that induced infection in fish was 103 determined. Gene cloning, secreted protein identification, subcellular localization, overexpression, 104 and apoptosis detection assays of ORF3141 and ORF3141△sig proteins were performed. Moreover, 105 the results indicated that ORF3141 gene encoded a secreted protein which contained a mitochondrial 106 targeting sequence was and involved in apoptosis regulation. These results may lay the foundation 107 for further study on the function of ORF3141 protein and promote the understanding of the 108 molecular pathogenic mechanism of N. seriolae. 5 / 23 109 Results 110 Cloning and the sequence analysis of ORF3141 111 The ORF3141 and ORF3141△sig genes of N. seriolae strain ZJ0503 were cloned, and the 112 recombinant plasmids of pEGFP-3141, pEGFP-3141△sig, pcDNA-3141, and pcDNA-3141△sig 113 were constructed successfully. Sequence analysis revealed that an open reading frame (ORF) of 129 ATP phosphohydrolase (steroid-exporting). 130 Protein BLAST showed that the deduced amino acid sequence of ORF3141 protein displayed 131 low identity with homologous sequence from Actinomycetes, with the highest identity of N. 132 concava (84%) and the lowest identity of Mycobacterium marinum (23%). This protein had a rather 133 high homology in Nocardia species (61% -84%) (S1 Table) and its sequence was also found in 134 other N. seriolae stains, such as N. seriolae N-2927 [28], N. seriolae U-1 [29], N. seriolae 135 EM150506, N. seriolae CK-14008 and N. seriolae UTF-1 [30] (S2 Table) . Multiple alignment of 136 the deduced amino acid sequences of the ORF3141 protein showed no putative conserved domains 157 the expression of ORF3141 or ORF3141△sig proteins changed the distribution of the mitochondria 158 from perinuclear halo into lumps, and the apoptotic bodies were detected. By contrast, the signal of 159 GFP was distributed in both cytoplasm and nucleus in the control cells which were transfected with 160 pEGFP-N1, and no specific fluorescence co-localized with the mitochondria (Fig. 3 ).
Introduction 57
Fish nocardiosis is a systemic bacterial disease with three kinds of pathogenic bacteria, namely,
58
Nocardia seriolae, N. samonicida and N. asteroids, which have been isolated from diseased fish [1-
59 3]. The outbreak of fish nocardiosis is frequently reported in global aquaculture industries and has 60 caused substantial commercial losses in Southeast Asia, especially China [4] [5] [6] [7] . However, the 61 pathogen of fish nocardiosis that has been reported with considerable frequency is N. seriolae.
62
Notably, N. seriolae is the most frequently isolated Nocardia sp. from diseased fish [7] . This 63 bacterium is an opportunistic pathogen, by infecting immunocompromised fishes through feeds, 64 gills, and wounds and causing chronic systemic granulomatous disease [8] . The clinical signs of 65 infected fish include skin ulcers and numerous white nodular structures on the gills and in the head 66 kidney, trunk kidney, spleen, and liver [9] . N. seriolae infections have been documented in more 67 than 39 kinds of fish, both freshwater and especially marine species, such as golden pompano 68 (Trachinotus ovatus), snubnose pompano (T. blochii), yellow croaker (Larimichthys crocea), 69 northern snakehead (Channa argus), blotched snakehead (C. maculata), largemouth bass 70 (Micropterus salmoides), yellow tail (Seriolae quinqueridiata), amberjack (S. dumerelli) and sea 71 bass (Lateolabrax japonicus) [5, 10, 11] .
72
The pathogenic mechanisms and specific virulence factor of N. seriolae remain unknown.
73
Beaman found that the virulence of N. asteroides was associated with its resistance to oxidative 74 killing by phagocytes, inhibition of phagosome-lysosome fusion, neutralization of phagosomal 75 acidification, and alteration of lysosomal enzymes within phagocytes, as well as the secretion of 76 toxic substances by the nocardia, which are apparently involved in these processes [12] . Previous 77 studies showed that N. asteroides might induce apoptosis in host cells [13] [14] [15] . The secretome 78 studies of pathogenic actinomycetes have shown that secreted proteins, especially several 79 mitochondrial targeted proteins, are closely related to their pathogenicity and may play an important 80 role in the regulation of cell apoptosis and bacterial pathogenesis [16] [17] [18] [19] . The modulation of cell 4 / 23 81 apoptosis in the host by pathogenic bacteria is a major pathogenicity mechanism. Many bacterial 82 proteins have a highly specific activity with the host mitochondria, which participate in the cell 83 apoptosis by influencing the signaling pathways [20] [21] [22] . The mechanism of mitochondrial pathway 
125
The three-dimensional structure of ORF3141 from N. seriolae was predicted by I-TASSER. The
126
structure was closed to that of multidrug ABC transporter Sav1866 from Staphylococcus aureus 127 ( Fig. 1C ), which was classified as a hydrolase [27] . Moreover, the protein contained two ligand 128 binding sites (residues 108 and 111) of coenzyme F430 and an enzyme active site (residues 107) of 6 / 23 137 ( Fig. 2A) . A phylogenetic tree was constructed to identify the evolutionary relationships between 138 N. seriolae with other species of ORF3141 homologs, on the basis of the deduced amino acid 139 sequence of ORF3141. The results showed that ORF341 proteins in Nocardia sp. were clustered in 140 one group (Fig. 2B ).
141
Identification of ORF3141 protein was a secreted protein 142 Preparation and shotgun mass spectrometry (MS) of the extracellular products of N. seriolae 143 stain ZJ0503 showed that the characteristic peptide "TIETELNATR" of ORF3141 was detected 144 with confidence greater than or equal to 99%. This result confirmed that ORF3141 was a secreted 
175

Apoptotic detection of ORF3141 and ORF3141△sig overexpressed FHM cells 176
The ΔΨm was shown with the evident damage in JC-1 polymer/monomer fluorescence ratio in 177 ORF3141 or ORF3141△sig overexpressed cells. The ΔΨm values of both pcDNA-3141 and 178 pcDNA-3141△sig transfected groups cells were decreased to minimum values at 72 hpt, which were 179 0.54-and 0.53-folds lower than that of the control cell group, respectively ( Fig. 6A ). Meanwhile, 180 measurement of caspase-3 activity showed that caspase-3 was activated in ORF3141 or
181
ORF3141△sig proteins overexpressed cells and reached maximum value at 48 hpt, which were 182 approximately 1.23-and 1.80-folds higher than that of the control cell group, respectively ( Fig. 6B ).
183
Several apoptosis-related genes of Bcl-2 family mRNA expression were investigated at 0, 24, 48, 184 72, and 96 hpt by qRT-PCR, including B cell lymphoma-2 (Bcl-2), Bcl-2 associated X (Bax), Bcl-185 2 antagonist of cell death (Bad), and Bcl-2 interacting domain death agonist (Bid) genes. The results
186
showed that pro-apoptotic (Bad, Bid, and Bax) and anti-apoptotic (Bcl-2) genes were rapidly 187 activated in both pcDNA-3141 and pcDNA-3141△sig transfected groups cells and theirs mRNA 188 expression reached peak level at 72 hpt, respectively. Moreover, there were 11.19-and 10.60-folds 8 / 23
189 of Bax to Bcl-2 genes mRNA expression in pcDNA-3141 and pcDNA-3141△sig transfected groups 190 higher than that of 5.17-fold in the control group at 72 hpt ( Fig. 6C ). All quantitative assays of ΔΨm , which are commonly 20 -60 amino acids in length and are cleaved 220 upon import into the mitochondrial matrix by the mitochondrial processing peptidase [35, 36] .
221
Therefore, ORF3141 was assumed to target the mitochondria matrix.
222
The function of ORF3141 has not been studied, until now. In our study, we observed that the 
327
Preparation and identification of the N. seriolae extracellular products 328 The extracellular products of N. seriolae strain ZJ0503 were obtained by cellophane overlay 329 method [52] . Specifically, N. seriolae were grown on optimized medium agar plate at 28 ℃ for 2 d,
330
and a single colony was prepared for bacterial suspension. Then, 100 μL of the bacterial suspension 331 was spread closely on optimized medium plates covered with sterile cellophane sheet and incubated 332 at 28 °C for 3 -5 d. The N. seriolae cells grown on the cellophane sheet were stripped away from 333 the optimized medium plates, and the extracellular products were washed down with sterilized PBS 334 subsequently. The harvested suspension was centrifuged at 8000×g, 4 ℃ for 20 min, and the 335 supernatant containing extracellular products was filter sterilized with a 0.2 μm membrane filter.
336
Then, the sterilized supernatant was transferred into a dialysis tubing (3.5k MW) and dialyzed in 337 ultrapure water at 4 °C for 16 -24 h. During dialysis, the ultrapure water was changed 3 -4 times.
338
The purified supernatant was transferred into a centrifuge tube after dialysis and frozen under -80 °C.
339
Finally, it was lyophilized using a vacuum freeze dryer to obtain the protein dry powder which was 340 identified using shotgun MS. as the internal control. According to the apoptosis gene sequence, five pairs of specific primer (Table   386 2) were carefully designed for qRT-PCR investigation. The PCR was performed in a 10 μL reaction 394 Table 2 . Primes used for apoptosis-related genes investigated by qRT-PCR. 
Gene Name Primer Name
